In this paper we have integrated a two-channel microfluidic network, fabricated by molding two polydimethilsiloxane channels, with a balanced photodiode constituted by two series-connected amorphous silicon/silicon carbide n-i-p stacked junctions, deposited by Plasma Enhanced Chemical Vapor Deposition on a glass substrate. The structure takes advantage of the differential current measurement to reveal very small variations of photocurrent in a large background current signal suitable for biomedical application.
a b s t r a c t
In this paper we have integrated a two-channel microfluidic network, fabricated by molding two polydimethilsiloxane channels, with a balanced photodiode constituted by two series-connected amorphous silicon/silicon carbide n-i-p stacked junctions, deposited by Plasma Enhanced Chemical Vapor Deposition on a glass substrate. The structure takes advantage of the differential current measurement to reveal very small variations of photocurrent in a large background current signal suitable for biomedical application.
The microfluidic network has been fabricated with dimensions of 3 cm Â 2 mm Â 150 lm (L Â W Â H) for each channel.
The experiments have been carried out measuring the differential current in several conditions. All the experiments have been executed under a large background light intensity to reproduce realistic operating conditions in biomedical applications. We have found that the proposed device is able to detect the presence or absence of water flow in the channel and the presence of fluorescent marker. In particular, under identical channel conditions the differential current is at least a factor 60 lower that the current flowing in each diode.
Ó 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
During the last years lab-on-chip (LOC) systems have shown their relevance as a powerful instrument for complex chemical or bio-chemical analysis [25] . The concept of the micro Total Analysis Systems (lTAS) and the development of MEMs technologies led to the development of LoC systems as a powerful tool in point-of-care applications. In particular, several steps of analysis (sample preparation, mixing, movement and detection) are integrated on a single device with different functional modules [15, 28] . These analyses are commonly performed using spectroscopic and chromatographic properties or the survey of bio-luminescence and chemiluminescence characteristics [14] of the sample. The advent of miniaturized array technology has enabled parallel and multiple comparative measurements of different samples combining together high sensitivity, low sample consumption, high-throughput and rapidity of the analysis [21, 24] . However, even though the successful miniaturization of the analytical format is obtained by microfluidic structures, this is not flanked by an adequate miniaturization of the detection technique [18, 1] , which, in most cases, is done off-chip. On-chip detection is still therefore a challenge for improving sensitivity and compactness [26, 19, 35] .
Recently different groups, including ours, have integrated electrical and/or optical sensors with the microfluidics leading to LOC systems to reduce the external instrumentation needed to perform the analysis task [2, 3, 22, 27, 31, 30, 29] . In particular optical detection of biomolecules based on the use of thin film photosensors have been developed. Two main categories have been explored: the first based on the detection of the light intensity emitted by fluorescent markers attached to the molecules (labeled detection) [20, 4] ), the second based on the measurements of the molecules optical absorbance in specific wavelength range (label free detection) [17] .
One of the most promising materials to this aim is hydrogenated amorphous silicon (a-Si:H) and its alloy [33] . The low deposition temperature (below 250°C) and its physical characteristics prompt the use of this material in different device such as solar cells [13] , electronic switching [5] , strain sensors [16] and photosensors [6] . The use of thin film a-Si:H photosensors for the detection of biomolecules has been already developed by the authors in both labeled and label free techniques. amorphous silicon photodiodes [7] b; [8] , for DNA labeled with Alexa Fluor 350 [9] , and for an on-chip DNA label free detection system, based on the measurements of different absorbance in the UV range, of single and double stranded DNA molecules system [17] .
In all these experiments current variations in the order of picoamps had to be resolved from the several tens of nanoamps background current. In this case a trade-off between dynamic range and resolution has to be considered: indeed, the large photocurrent due to the large background radiation reduces the voltage swing at the amplifier output if high gain (for the transimpedance amplifier) or a high integration time (for the charge sensitive amplifier) are used. On the other hand a low gain or a low integration time, reduces the sensitivity of the system.
In electronic circuits a common way to eliminate background signal consists in using differential readout approaches [23] . Balanced structures are extensively used to reject large common signals and to amplify only their difference.
The authors have presented a balanced photodiode based on amorphous silicon (a-Si:H)/amorphous silicon carbide (a-SiC:H) thin film photosensors [10, 11] , whose spectral response extends down to the ultraviolet range. The structure is a single detector, that, combining two sensors, gives, in a hardware way, as output signal directly the differential current. This permits a high dynamic range in the signal measurement without degrading the resolution of the single photosensor and gives the possibility to reveal very small variations of photocurrent in a large background current signal.
In this paper we present the integration of the balanced photosensor with a microfluidic network to perform highdynamic, high-sensitive on-chip detection. This kind of integration is a challenging issue in the scientific community working on lab-on-chip systems for biomedical applications [32] . The paper is organized as follows: in Section 2 the structure and the operation mode of the integrated system are described; in Section 3 the fabrication process and the characterization of the sensor structure is reported together with the fabrication process of the microfluidic network and their integration; in Section 4 experimental results, carried out measuring the differential current of the balanced structure in several conditions, are described in details and discussed.
Structure and operation of the device
The device combines on the same side of a glass substrate a differential photodiode aligned with two microfluidic channels. Fig. 1 reports its cross section and top view. From the cross section, we see that the single sensor of the balanced device is a n-doped/ intrinsic/p-doped a-Si:H stacked structure and that the balanced device is achieved connecting in series two a-Si:H/a-SiC:H n-i-p sensors. A polymer film (SU-8) acts as insulating and passivation layer. The two microchannels are made in polydimethilsiloxane and are placed on top of the passivation layer. The inner walls of the microchannels have been properly treated to make them hydrophilic.
Assuming photosensors perfectly matched and uniform light radiation distribution, differences in luminescence or absorption phenomena occurring inside the two channels produce differences in the light impinging on the two photosensors of the balanced device and give rise to a differential current flowing through the common electrode. It is worth noticing that, integrating the balanced photodiode and the microfluidic network on the same side of the glass substrate, the distance between the photosensors and the microfluidic channels is reduced to the few microns of the SU-8 thickness. This implies a maximization of the light impinging on the photosensors and a reduction of the inter-channel crosstalk. Furthermore, the n-i-p structure used in this work results in a device with very low dark current, that is useful to maximize the signal-to-noise ratio. Indeed in this structure, the deposition temperature of the three subsequent layers decreases through the whole process, thus reducing doping contamination of the i-layer, which would have lead to the increase of the dark current due to thermal carrier generation [34] .
The corresponding electronic circuit and the read-out electronics are depicted in Fig. 2 , where the differential readout approach eliminates the background signal. Indeed, thanks to the virtual ground of the operational amplifier, the two diodes are biased at the same reverse voltage, therefore if the two diodes are perfectly matched the output voltage of the amplifier is proportional only to the difference between the currents flowing through the two photosensors, which in turn is related to the difference between the light intensities impinging on the sensors.
In addition, the differential approach reduces the effect of the common mode signal due to temperature variations and/or instability of light source.
Fabrication and characterization of the device
The device fabrication is mainly devoted to the balanced photodiode, because the network microfluidic requires few technological steps as well as its assembling with the differential structure.
Balanced photodiode
The structure of each sensor is constituted by an amorphous silicon/amorphous silicon carbide heterojunction, deposited on a glass substrate covered by a thin metal film electrode (bottom electrode). The top sensor electrode is a two-layer structure constituted by an ultra thin chromium silicide (CrSi) layer formed on top of the p-doped layer [12] and by a thin film metal grid that allows the transmission of the incident radiation into the active layer of the device. A network of metal lines, deposited on an insulating layer allows the series configuration of the two diodes and the electrical connection of the structure to metal pads located on the edge area of the glass substrate.
The fabrication of the whole balanced device requires the use of standard microelectronic technologies: Physical and Chemical Vapour Deposition (PVD and CVD) of thin film, Dry and Wet etching of different materials, photolithographic steps for the geometry patterning.
Four lithographic masks, reported in Fig. 3 , have been utilized. In particular, a top-down approach has been used. It consists in the deposition of the whole structure of the device (metal bottom electrode/amorphous silicon junction/metal top electrode), followed by the patterning of the bottom electrodes and of the diode area. This procedure ensures the decrease of defects at the interfaces, which may occur if the thin film is deposited after the photolithography process.
The whole fabrication process included the following steps: In our fabrication process, the two sensors are deposited during the same PECVD process and the structure is designed as symmetrical as possible. However, spatial nonuniformity in the PECVD Fig. 2 . Electronic circuit corresponding to the balanced photodiode connected through the common electrode to the read-out electronics. The generators in parallel with the diodes represent the induced photocurrents. The transimpedance circuit amplifies only the difference between the diode currents. Fig. 3 . Photolithographic masks used for the fabrication of the balanced photosensor. deposition and/or geometrical mismatches can lead to mismatches in the current-voltage characteristics of the two diodes.
The device characterization has been performed by measuring the currents of the two diodes by two Keithley 236 SMU, which provide also the voltage biasing of the structure. The differential current is measured by a Keithley 617 Electrometer, in transimpedance mode, which keeps the output electrode of the balanced structure at ground potential. The measurements have been performed under dark condition and under a 365 nm UV radiation supplied by a standard lamp for biological applications, because the detection of biomolecules in the above mentioned experiments occurred under UV illumination. From data reported in Fig. 4 we found that, in dark condition, the differential current is at least three orders of magnitude lower than the current of each diode and close to the detection limit of our experimental set-up. We also found that, under illumination, the differential signal is about two orders of magnitude lower than the current of each diode.
Fabrication of the microfluidic channels
Polydimethilsiloxane (PDMS) is widely used silicon-based organic polymer for the fabrication of microfluidic network, and is particularly known for its optical properties and its low manufacturing costs. In our system we have utilized Sylgard 184 from Dow Chemicals that presents excellent transparency characteristics.
Two channels, with dimensions of 3 cm Â 2 mm Â 150 lm (L Â W Â H) for each channel, have been fabricated by pouring of the mixed PDMS on kapton tape mold. After curing at 80°C for 90 min, the internal surface of the channels has been treated with polyethylene glycol (PEG), also known as polyethylene oxide (PEO), to turn the PDMS hydrophobic properties into hydrophilic properties and thus to allow capillarity flows in the channels.
Integration of the microfluidic network with the photosensors
At the end of the microfluidic fabrication process, the whole device has been assembled placing the PDMS network over with the balanced photodiode with a gentle pressure and avoiding bubbles between the PDMS and the SU-8 layer.
Results and discussion
A picture of the fabricated system is reported in Fig. 5 . The PDMS microfluidic network (the rectangular gray shape) lays in the upper right corner of the glass, the differential diode deposited on the glass substrate is highlighted by the red square and the hydrophilic channels are placed horizontally in the figure over the balanced photodiode. In the same figure, the inlets of the two channels are pointed out by the two black arrows, while one outlet hosts a white funnel-shaped bibula paper (highlighted by a red oval) for draining out the solution from the microchannel. The electronic read-out circuit is connected to the three electrodes of the devices by the metal lines at the edge of the substrate.
The experiments have been performed continuously filling the inlets with a pipette in different conditions. A 365 nm UV radiation supplied by a standard lamp for biological applications excites the emission of fluorescence in the fluorescein solution. The three curves in the figure show that, even if the excitation light induces a background current up to about 3.6 lA, the effect of this high value is canceled by the differential measurement. Indeed, in absence of fluorescein the differential current of about 35 nA, very close to the one found in the previous experiment. The presence of fluorescein in the channel induces a photocurrent in the sensor A of about 500 nA, which is the same signal measured at the differential electrode.
These results confirm the effectiveness of our balanced photodetector to reduce of the common mode signals of the background light, and at the same time, to increase the dynamic range of the measurement. 5 . Picture of the proposed system fabricated on a glass substrate. The hydrophilic channels are placed horizontally in the figure over the balanced photodiode (highlighted by the red square). The two black arrows indicate the inlets of the two channels, while one outlet hosts a white funnel-shaped bibula paper (highlighted by a red oval) for draining out the solution inside the microchannel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Conclusions
In this paper we focus on the integration of a a-Si:H balanced photodiode integrated with a PDMS hydrophilic two-channel microfluidic network to achieve high-dynamic, high sensitive onchip detection in a lab-on-chip system. The structure is designed to detect very small differences of light intensities in the two channels in a large background current signal, reducing the common mode signal and increasing the dynamic range of the entire system. The whole device has been deposited on the same side of a glass substrate, optimizing the optical coupling of the differential photosensor with the microfluidic channel and reducing the inter-channel crosstalk.
A fabricated structure demonstrates the ability to reveal the filling with water and the flow of fluorescein inside the channel, rejecting the background light. Future works will be focused on the determination of the limit of detection for different analytes immobilized inside the channels in static and flowing conditions.
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